Introduction {#sec1}
============

Oscillations in free cytoplasmic Ca^2+^ govern the relaxation and contraction of muscles. This Ca^2+^ cycle is the result of the coordinated actions of channels in the sarcoplasmic reticulum (SR) membrane, which release Ca^2+^ into the cytoplasm during contraction, and the SR calcium pump (SERCA),^[@ref1]^ which transports Ca^2+^ ions back into the SR to allow muscle relaxation. In the heart, disordered SERCA expression, function, and regulation are linked to cardiac disease, motivating investigation of SERCA structure/function mechanisms as a path to new therapeutic interventions. One important aspect of SERCA function is the large amplitude conformational changes that occur during the transport cycle.^[@ref2]−[@ref7]^ In particular, the role of domain dynamics in ion transport has been vividly illustrated by X-ray crystallography of SERCA. Several X-ray structures obtained for different catalytic substates are provided in Figure [1](#fig1){ref-type="fig"}A, which shows the SERCA transmembrane domain (TM, gray) and the three cytoplasmic domains: nucleotide-binding (N, yellow), phosphorylation (P, black) and actuator (A, blue).^[@ref8]^ These and other structure solutions reveal that translations and rotations of these cytoplasmic domains accompany the transport of ions from the cytoplasmic side to the lumenal side of the sarcoplasmic reticulum membrane.^[@ref9]−[@ref11]^ Even though many such high-resolution structures are available, there are also likely to be undiscovered states that will continue to resist crystallization because they are short-lived intermediate conformations or because they are structurally dynamic. For example, while there are many crystal structures showing a closed, compact headpiece, there is a paucity of structural information for SERCA in the open state. It has been suggested that this is because open structures only occur in the (nonphysiological) absence of nucleotide.^[@ref12]^ However, our previous FRET studies indicate significant population of open headpiece conformations in vitro and in live cardiac muscle cells.^[@ref13]^ Thus, we consider it likely that there are other open structures, unsuitable for crystallization, which may be discovered with alternative approaches. Investigation of novel states and the structural mechanisms driving transitions between different states has benefitted from computational modeling.^[@ref14]−[@ref21]^ Molecular dynamics (MD) studies have revealed possible transition pathways for a large-scale open-to-closed conformational change^[@ref15],[@ref22]^ and predicted novel intermediate states including an E1 2K^+^ conformation that has a very open headpiece architecture.^[@ref21]^ Other studies used coarse-grained molecular dynamics (CGMD) to investigate E2 to E1 and E1P to E2P transitions,^[@ref19],[@ref20]^ revealing how mutations may alter transition kinetics. For example, CGMD provided a structural mechanism that explained previous biochemistry experiments^[@ref23]^ in which insertions in the M3 linker decreased the rate of the E1P to E2P transition. This observation could be attributed to accumulation of water around the insertion region, increasing the stability of the E1 state.^[@ref19]^ Together, the results underscore the value of MD simulations for discovering new structures and for investigating the motions of those structures. In many of these studies, attention has justifiably centered on the TM domain where the active sites for ion binding are located. However, TM domain active sites are structurally and functionally coupled to the cytoplasmic domains,^[@ref15],[@ref17],[@ref24]^ so there is also great interest in understanding how the A-, N-, and P-domains move and interact during transport.

In the present study, we characterize the dynamics of SERCA in different structural substates using MD simulations starting from X-ray crystal structures determined for SERCA enzymatic substates E1-Ca (1SU4), E2-P (1WPG), and E1P-ADP (2ZBD)^[@ref8],[@ref11]^ (Figure [1](#fig1){ref-type="fig"}A). These structures were chosen to represent the extremes of the range of SERCA headpiece conformations from open (1SU4) to closed (1WPG, 2ZBD). The goal of these experiments is to test the hypothesis that SERCA conformational fluctuations vary according to the catalytic substates of the pump^[@ref13],[@ref25]^ and identify structural mechanisms for the differential dynamics of enzymatic substates. The results of MD simulations are compared with our previous study in which we used intramolecular FRET between the N- and A-domains as an index of headpiece conformation. Those experiments revealed four discrete structural substates of SERCA expressed in cardiac muscle cells, including several conformations not yet accounted for by published high-resolution structural data. The present MD experiments reveal structural ensembles compatible with those fluorescent measurements and provide insight into the structural details of SERCA domain dynamics. Specifically, we report a structural mechanism that could account for our previous observation that SERCA dynamic disorder decreased with decreasing domain--domain separation distance.

Methods {#sec2}
=======

Coarse-Grained Simulations of Two-Color SERCA {#sec2.1}
---------------------------------------------

Crystal structures of the SERCA were obtained from the RCSB Protein Data Bank^[@ref26]^ (PDB entries 1SU4,^[@ref8]^1WPG^[@ref11]^ and 2ZBD([@ref11])) (Figure [1](#fig1){ref-type="fig"}). SERCA structures labeled with fluorescent protein tags were generated using FPMOD^[@ref27]^ and were kindly provided by David D. Thomas and Bengt Svensson, University of Minnesota. Molecular dynamics simulations were performed with the GROMACS software package^[@ref28],[@ref29]^ using MARTINI coarse grained force field^[@ref30],[@ref31]^ and domELNEDIN setup,^[@ref32]^ which allows cytoplasmic domains move freely. The crystal structures were energy minimized in vacuum to eliminate unfavorable interactions, then two-color SERCA was placed into a palmitoyl-oleoyl-phosphatidyl-choline (POPC) lipid bilayer. Lipids overlapping with the TM-domain of SERCA were removed. Standard cutoff schemes for the MARTINI model were used for the nonbonded interactions. Nonbonded interactions were calculated with a cutoff of 12 Å, on which a shift function was applied, starting at 9 Å for the Lennard-Jones potential and at 0 Å for the electrostatic potential. Charges were screened with a relative dielectric constant ε~rel~ =15. Simulations were run in the NPT ensemble with pressure 1 bar and temperature 300 K using Berendsen thermostat and barostat.^[@ref33]^ Systems were simulated for 4 μs using a 20 fs time step.

Atomistic Simulations of SERCA {#sec2.2}
------------------------------

All-atom MD (AAMD) simulations were carried out using the GROMACS software package^[@ref27],[@ref28]^ with the CHARMM 27 force field^[@ref34]−[@ref36]^ and TIP3P water model.^[@ref37]^ Energy minimization was performed on the crystal structures using the steepest descent method for 1000 steps, then each model was embedded into a POPC lipid bilayer and solvated in a rectangular water box size with dimensions 130 Å × 130 Å × 160 Å. Na^+^ and Cl^--^ ions were added to the solution to neutralize the charge of the system and to produce an ion concentration of 150 mM. The Particle Mesh Ewald method^[@ref38],[@ref39]^ was used to calculate the long-range electrostatic interactions and cutoff of 12 Å was used for the short-range. van der Waals interactions were reduced to zero by switch truncation applied from 8 to 12 Å. Simulations were carried out with an integration time step of 2 fs. To heat the system from 0 K to the target temperature (300 K) and reach the target pressure (1 bar), the Berendesen method was used with relaxation times of 0.1 ps.^[@ref33]^ After 1 ns equilibration, the production run was performed in the NPT ensemble using the Nose--Hoover thermostat^[@ref40],[@ref41]^ and the Parrinello--Rahman barostat^[@ref42],[@ref43]^ with relaxation times of 1.0 ps. Each independent production run was started with a different set of assigned velocities corresponding to 300 K. The atoms coordinates of the trajectories were saved every 1 ps. The production runs were carried out for 400 ns.

###### Summary of Molecular Dynamics Simulations

  method   starting structure                                                      number of trajectories   length of simulation   comments
  -------- ----------------------------------------------------------------------- ------------------------ ---------------------- ------------------------------------------------------------------------------------------------------------------------------------------
  AAMD     1SU4                                                                    4                        400 ns                 Includes transition trajectory 1SU4\*
  1WPG     3                                                                       400 ns                                          
  2ZBD     3                                                                       400 ns                                          
  AAMD     WT                                                                      6                        40 ns                  Repeated simulations starting from H-bonded intermediate of transition trajectory 1SU4\*
  AAA      6                                                                       40 ns                                           
  CGMD     1SU4                                                                    1                        4 μs                    
  1WPG     1                                                                       4 μs                                            
  2ZBD     1                                                                       4 μs                                            
  CGMD     Intermediate structures derived from the open crystal structure 1SU4.   11                       1 μs                   The distance between the centers of mass of the N and A-domains was harmonically constrained to designated distances between 40 to 30 Å.

Principal Component Analysis {#sec2.3}
----------------------------

We used principal component analysis (PCA) to extract the essential motions sampled by the MD trajectory.^[@ref44]−[@ref46]^ The set of principal components is the solution to the eigenvalue problem (eq [1](#eq1){ref-type="disp-formula"}), in which the second-moment matrix, **A**, contains the mass-weighted internal atomic displacements. The elements of the matrix, *A*~*ij*~, are given bywhere *m*~*i*~ are the masses. The angular brackets denote time averages. The diagonalization of **A** yields the eigenvectors, **w**~k~, that is, the principal components, and their associated eigenvalues, ξ~k~.

Correlation Analysis {#sec2.4}
--------------------

To estimate disorder dynamics of SERCA domains we performed correlation analysis of the domain orientation. We quantified the orientation of the vector (where x is N, P, or A), which connects the domain hinge point and middle of the domain. We computed the domain disorder function θ~*x*~(*t*) defined asIn fact, θ~*x*~(*t*) describes how orientation of domain changed relative to initial one. The angular brackets denote average over time origin. θ~*x*~(*t*) can be used to estimate wobble cone of the probe during experiments.

Table [1](#tbl1){ref-type="other"} provides a summary of the type, duration, and starting conditions for the molecular dynamics simulations.

Results and Discussion {#sec3}
======================

All-Atom Molecular Dynamics Simulations of SERCA Motions {#sec3.1}
--------------------------------------------------------

To study the differential dynamics of open and closed conformations of the SERCA cytoplasmic headpiece we performed three or four independent 400 ns all-atom molecular dynamics (AAMD) simulations of SERCA for each of three crystal structures, 1SU4, 1WPG, and 2ZBD. Figure [1](#fig1){ref-type="fig"}B shows root-mean square deviations (RMSD) of simulations of open and closed/compact structures of the SERCA as a function of time. Three repeated simulations starting from the open conformation (1SU4, three black traces) showed evidence of structural disorder compared to three repeated simulations of each of the closed/compact structures (1WPG, red, and 2ZBD, blue). Residue-by-residue analysis of structural fluctuations showed that the difference in dynamics of open and closed conformational substates of SERCA was due primarily to high root-mean-square fluctuations (RMSF) of the 1SU4 N-domain (Figure [1](#fig1){ref-type="fig"}C). For all structures, we observed large RMSF values for the cytoplasmic domains A, N, and P and solvent exposed TM bundle loops compared to TM-domain residues, which is in agreement with previous molecular dynamics simulations studies.^[@ref17],[@ref47]^ Another group's previous studies quantified SERCA domain disorder by measuring the "wobble cone" of a phosphorescent probe. This parameter describes the angles sampled by the probe on a submicrosecond to microsecond time scale, integrating motions that include domain motions and the independent mobility of the phosphorescent probe.^[@ref48]^ Here, we obtained analogous information for the nanosecond time scale by way of a correlation analysis of the vectors that connect the hinge point of the domains (A-domain, residue 128; N-domain, residue 360; P-domain, residue 328) with the domain center of mass. We quantified the disorder of domains over a range of time scales, calculating a wobble cone angle (θ) from 1 ps to 100 ns. Small values of θ reflect static domains and high values represent mobile (dynamic) domains. The insert in Figure [1](#fig1){ref-type="fig"}D shows a schematic cartoon of the N-domain cone angle. For all domains, the range of angles sampled increases at longer time scales and is presumed to increase further at time scales longer than the 100 ns regime simulated here. Correlation functions for the N-domain for different starting conformations revealed increased dynamic disorder of the open conformation of the pump (1SU4) compared to closed structures (2ZBD, 1WPG) on time scales greater than 0.1 ns (Figure [1](#fig1){ref-type="fig"}D). Figure [1](#fig1){ref-type="fig"}E summarizes the average value of θ ± SD at 10 ns for all three starting conformations average over three independent runs. Consistent with other studies^[@ref17],[@ref22]^ we observed high dynamics for the N-domain, which is significantly more mobile in the open conformation (1SU4) versus closed structures. The P-domain was comparatively static for all structures.

![Differential dynamics of SERCA structural substates. (A) Starting structures for AAMD simulations, showing the relative positions of three cytoplasmic domains: actuator (A, blue), nucleotide-binding (N, yellow), phosphorylation (P, black), and the transmembrane domain (TM, gray). (B) Overall Cα RMSD of SERCA. The open conformation (1SU4) showed higher RMSD values and large fluctuations in RMSD. (C) Quantification of RMSF of Cα atoms revealed that the nucleotide-binding (N) domain was the most mobile part of SERCA, with relative structural dynamics 2ZBD \< 1WPG ≪ 1SU4. (D) Angular autocorrelation of the N-domain over a range of time scales. The inset represents angular displacement as a wobble cone originating at the hinge of the domain. (E) Summary of SERCA cytoplasmic domain dynamics in the 10 ns time regime. Data are mean ± SD. Overall, disorder is increased for the open structure (1SU4), especially in the N-domain.](jp-2014-11433v_0005){#fig1}

Fundamental Motions of SERCA Cytoplasmic Domains {#sec3.2}
------------------------------------------------

Principal component analysis (PCA) of AAMD simulations revealed the major modes of such internal dynamics. Overall, the principal components observed here are in agreement with those reported in reference,^[@ref17]^ showing rotational and translational motion of N- and A-domains. Figure [2](#fig2){ref-type="fig"}A shows the three largest-contributing principal components (PCs) for the open and closed conformations of SERCA. Closed conformations (Figure [2](#fig2){ref-type="fig"}A, 1WPG, 2ZBD) were characterized by macroscopic motions of the cytoplasmic headpiece as a single unit (PC1, PC2, and PC3) that represented ∼65% of internal displacement. These components were present in the open structure (Figure [2](#fig2){ref-type="fig"}A, 1SU4) as well, but they were insignificant compared to large motions of the cytoplasmic domains relative to one another (Figure [2](#fig2){ref-type="fig"} upper left, 1SU4). For the open structure, PC1 and PC2 were determined to be a motion of the N-domain with respect to the P-domain, opening and closing the nucleotide-binding cleft (67% of internal displacement). PC3 was the relative motion of the N- and A-domains (10%). PC4 and PC5 were minor components, twisting of cytoplasmic headpiece (6%). This analysis suggested that the fluorescent protein fusion positions selected for our previous study of two-color SERCA (N-domain residue \#509 and A-domain residue \#1)^[@ref49]^ are ideal sites for quantifying the relative motions of SERCA cytoplasmic domains by FRET. PCA analysis also provided a residue-by-residue correlation of SERCA motions. We compared the covariance matrices of the closed structures with the open state matrix. Figure [2](#fig2){ref-type="fig"}B,C represents large amplitude, positively correlated motion (residues moving in the same direction) in red. Negative correlation (blue) indicates residues moving in opposite directions. As expected, all three structures showed significant positive self-correlation of the N-domain residues (360--600) due to the large collective motions of these residues. We also observed negative correlation of the N and A domains due to the contrary independent motions of these domains relative to one another. Overall motion is reduced for closed conformations, evident as increased null correlation (white). Notably, the A-N correlation (which was negative for the open conformation) was positive for closed structures, especially 2ZBD, indicating that upon headpiece closure these domains become coupled together and move in unison.

![Principal components of SERCA structural dynamics. (A) PCA revealed large relative motions of SERCA cytoplasmic domains for the open structure (1SU4), while close conformations were dominated by concerted motions of the domains as a single unit. (B) Covariance matrices revealed positively correlated (red) and anticorrelated (blue) motions of residues (measured from Cα) comparing 1SU4 (upper left) with 1WPG (lower right). (C) Covariance analysis, comparing 1SU4 (upper left) and 2ZBD (lower right). Overall, 1SU4 was the most dynamic, showing paradoxical (anticorrelated) motions of the A and N domains.](jp-2014-11433v_0006){#fig2}

Mechanisms of SERCA Conformational Changes {#sec3.3}
------------------------------------------

To investigate how SERCA might undergo a conformational change from open structures (such as 1SU4) to compact conformations, we investigated AAMD simulation results in greater detail. Figure [3](#fig3){ref-type="fig"}A shows the time dependent changes in domain--domain separation distance, measured from the centers of mass of the A- and N-domains. The data comprise a total of 10 trajectories: 4 replicates starting with 1SU4 (Figure [3](#fig3){ref-type="fig"}A, 3 black and 1 gray), and 3 replicates each for 1WPG (Figure [3](#fig3){ref-type="fig"}A, red) and 2ZBD (Figure [3](#fig3){ref-type="fig"}A, blue). We observed larger, more variable domain separation distances for 1SU4 compared to 1WPG and 2ZBD. The latter two exhibited stable, ordered structures, as shown by flat trajectories with little fluctuation in the domain separation distance. Thus, the simulations recapitulated previous FRET measurements that suggested decreasing disorder as the cytoplasmic headpiece closes. Interestingly, one of the 1SU4 trajectories showed a progressive closure of the cytoplasmic headpiece over the 400 ns simulation (Figure [3](#fig3){ref-type="fig"}A, gray). This trajectory was characterized by a series of plateaus (Figure [3](#fig3){ref-type="fig"}A, \#1--4), suggesting intermediate transition states. Figure [3](#fig3){ref-type="fig"}B shows a histogram of measured domain--domain separation values, revealing the expected narrow distribution of short distances for the closed structures (Figure [3](#fig3){ref-type="fig"}B, blue, red), and longer, more variable distances for the open conformation, as shown by a wide histogram (Figure [3](#fig3){ref-type="fig"}B, black). The histogram of the transition trajectory showed several apparent intermediate conformations visible as multiple discrete peaks (Figure [3](#fig3){ref-type="fig"}B, transition states). A detailed analysis of this trajectory revealed that the cytoplasmic headpiece underwent a progressive stepwise transition to a structure that was as tightly closed as the compact structure of 1WPG. The staircase profile of the trajectory is annotated in Figure [3](#fig3){ref-type="fig"}A to highlight the plateau phases (\#1--4). Transitions between these apparent intermediate subconformations were rapid. Early in the transition trajectory we noted an N-domain loop (Nβ5-β6) consisting of residues 426 to 436 that sampled the space between the N- and A-domains (Figure [3](#fig3){ref-type="fig"}C). This loop is near other N-domain residues that are important for interacting with Mg-ATP, such as Glu439.^[@ref12]^ Figure [3](#fig3){ref-type="fig"}C shows that at the beginning of the simulation the headpiece was in the open 1SU4 configuration, but within 1 ns, loop residues Glu 429 and Thr 430 (N-domain) stretched across the gap to form dynamic H-bonds with the A-domain Arg 134 (Figure [3](#fig3){ref-type="fig"}D). In addition, Glu 429 repeatedly formed H-bonds with Lys 135 and Ser 136 in the A domain; the N-domain Nβ5-β6 loop formed a bridge between the domains (Figure [3](#fig3){ref-type="fig"}E). H-bond interactions began to occur in more proximal regions of the loop after 100 ns, contributing to the transition to plateau \#2. The domain--domain contact shifted along the surface of the A-domain, drawing the two domains together and rotating the N-domain about the membrane normal axis. The structure sampled during plateau \#2 was stabilized by interactions between Arg 139 and Thr 430. The conformation of plateau \#3 is shown at 235 ns (Figure [3](#fig3){ref-type="fig"}F). This structure had broadly distributed points of domain--domain interaction, such as Ser 134, Ser 136, and Arg 139 (A-domain) with Glu 466, Ser 463, and Glu 429 (N-domain). By this time, the bridge loop had rotated significantly away from the cleft and was no longer the only point of interaction between the two domains. In particular, Figure [3](#fig3){ref-type="fig"}F shows that Thr 430 points away from the domain--domain interface. This is the most distal residue at the apex of the Nβ5-β6 loop and was one of the first residues to initiate domain--domain H-bonding. In the most compact conformation, corresponding to the fourth plateau, the N-domain/A-domain interface was comparatively stable, and Glu 435 of the N-domain bridge loop interacted with other N-domain residues Asn 428 and Lys 431. The intradomain H-bonding contributed to the prevailing structure of the Nβ5-β6 loop. At the end of the 400 ns simulation, the N-domain A-domain interface was still partly open, and the Nβ5-β6 loop pointed away from the N--A interface. Interestingly, this final orientation could put the loop in a position to interact with phospholamban bound to the SERCA regulatory binding site (Figure [3](#fig3){ref-type="fig"}G, red). Specifically, the acidic residues (which were the first to interact with the A domain) were in a good position to interact with basic residues on the cytoplasmic domain of PLB. This hypothetical interaction could help complete the rotation of the N-domain and the closure of the A--N cleft. The PLB-SERCA regulatory complex was recently determined,^[@ref50]^ but structural dynamics prevented the cytoplasmic domain of PLB from being resolved. Thus, it is unknown how PLB (especially phosphorylated PLB) can induce SERCA to assume the highly compact SERCA structure that was observed by single molecule FRET (State IV). In live cells, this unique SERCA structure was only observed in the presence of Ca^2+^ and phosphorylated PLB, suggesting that it represents a disinhibited regulatory complex. It remains to be determined how stabilizing this putative compact intermediate could contribute to improved catalytic efficiency of Ca^2+^ transport.^[@ref51]−[@ref54]^[Supporting Information](#notes-1){ref-type="notes"} Supplemental Movie 1 shows the structure fluctuations of the 1SU4\* trajectory that underwent an open-to-closed transition. The trajectory contrasted with the other 1SU4 simulations in which the headpiece fluctuated about a broad distribution of structures without departing from the overall open configuration (Figure [3](#fig3){ref-type="fig"}A, black traces). Overall, saltatory closure of the headpiece was suggestive of discrete conformational substates, some of which were long-lived with \>50 ns dwell times (Figure [3](#fig3){ref-type="fig"}A, gray). To more clearly show the transitions between each plateau, we performed a morph between representative structures ([Supporting Information](#notes-1){ref-type="notes"} Supplemental Movie 2), however we emphasize that SERCA did not follow a prescribed, orderly path from one static state to the next. Rather, the structural transitions are highly stochastic, and the enzymatic substates are characterized by considerable structural disorder and degeneracy.

![AAMD simulations revealed details of SERCA structural dynamics. (A) Fluctuations in the distance between N and A domains revealed the differences in the dynamics of open and closed conformations. One 1SU4 trajectory (1SU4\*, gray) exhibited an open-to-close conformational transition. (B) Histograms of N and A domains separation distances show resolved peaks consistent with discrete structures and intermediate transition states. (C) The starting structure (1SU4) with a widely open cytoplasmic headpiece. (D) At 1 ns, H-bonding stabilized a bridge between the N-domain loop and the A-domain. (E) Rotation of the N-domain and partial closure of the N-A gap. (F) Engagement of additional surfaces on the A- and N-domains stabilized a closed conformation. (G) After headpiece closure the Nβ5-β6 loop pointed toward the inhibitory binding cleft (red), where it could interact with PLB.](jp-2014-11433v_0007){#fig3}

The Structural Role of Nβ5-β6 Loop Charged Residues {#sec3.4}
---------------------------------------------------

The open-to-closed transition trajectory was intriguing and suggestive of a structural mechanism by which headpiece closure could be initiated. We tested the reproducibility of this apparently spontaneous conformational transition by performing repeated simulations beginning just after formation of the first H-bonds between the N- and A-domains (Figure [3](#fig3){ref-type="fig"}D). Of six repeated simulations with randomized velocities, four maintained the initial H-bonds that stabilized the relative position of the two domains and two spontaneously progressed toward headpiece closure within 40 ns. The results indicate that the structural transition we observed in trajectory 1SU4\* is representative and reproducible. The simulations also suggest that the disorder-to-order transition is a key step for initiation of the open-to-closed conformational change. We hypothesized that key loop residues involved in initial H-bonding were important for stabilizing the relative positions of the domains and initiating headpiece closure. To test this, we mutated residues 426, 429, and 435 to Ala to abolish H-bond interactions. This resulted in destabilization of the headpiece architecture with six simulations of mutated ("AAA") SERCA showing high variability and disorder compared to WT (Figure [4](#fig4){ref-type="fig"}A). Without the loop residues to initiate contact, the A and N domains were separated by a water cushion (Figure [4](#fig4){ref-type="fig"}B) that was poorly diffusible. For the water model employed here^[@ref55]^ the diffusion coefficient was 3.2 ± 0.5 · 10^--5^ in the cleft vs 4.6 ± 0.2 · 10^--5^ cm^2^/s in bulk solution. Figure [4](#fig4){ref-type="fig"}C shows how the loop residues pierced this cushion to create a hole in the water layer through which domain--domain contact was initiated and expanded (Figure [4](#fig4){ref-type="fig"}D). Mutation of the loop residues to Ala resulted in a rapid loss of domain--domain contacts (Figure [4](#fig4){ref-type="fig"}D).

![The effect of mutation of loop residues on the SERCA headpiece disorder-to-order transition. (A) WT SERCA H-bonds stabilize the Plateau \#1 structure compared to the AAA mutant. (B) A water cushion (spheres) prevents A--N contacts. (C) WT loop residues pierce a hole in the water layer. (D) AAA mutation prevents normal domain interactions (data are mean of six replicates).](jp-2014-11433v_0008){#fig4}

The Role of the Nβ5-β6 Loop in Ca Transporter Structural Dynamics and Function {#sec3.5}
------------------------------------------------------------------------------

The in vivo significance of the proposed structural mechanism is suggested by a high degree of Nβ5-β6 loop homology among Ca^2+^ transporters from a range of species, including mammals, amphibians, reptiles, birds, fish, and invertebrates (Table [2](#tbl2){ref-type="other"}). The negatively charged loop residues that interacted with positive A-domain residues in our simulations are particularly well-conserved. Some loop residues have already been reported in the literature to be functionally important. For example, N-domain Asp426 and A-domain Arg134 were previously implicated as being interacting residues from crystallography studies,^[@ref56]^ and we confirmed that these residues interact at latter stages (plateau \#3) of the closure transition (Figure [3](#fig3){ref-type="fig"}A). Interestingly, mutation of 426 and 134 to Ala has been shown to decrease ATPase activity by 60 and 35%, respectively,^[@ref56]^ underscoring the functional importance of interactions between the Nβ5-β6 loop and the A-domain. The present data suggest a key structural role for other loop residues, particularly those involved in stabilizing plateau \#1 structure (Figure [3](#fig3){ref-type="fig"}A) during the initiation of domain contact. One interesting residue is Thr430, an important source of early H-bond interactions with Arg134 during the disorder-to-order transition of plateau \#1 for the rabbit SERCA1a simulated here. This polar residue is more commonly an Ala in most species and isoforms (Table [2](#tbl2){ref-type="other"}), but we speculate that Thr may confer a gain of function in the rabbit and dog SERCA1a isoforms. Consistent with this, Inesi and colleagues have shown that the rabbit SERCA1a cycles with ∼20% faster kinetics compared to the chicken,^[@ref57]^ which lacks Thr430. We did not observe similarities between the SERCA Nβ5-β6 loop and other P-type pumps such as PMCA, NKA, copper transporter, or H^+^/K^+^-ATPases. Thus, the putative transition mechanism may be unique to Ca^2+^ transporters.

###### Conservation of Negatively Charged Loop Nβ5-β6 Residues Across Diverse Taxa

![](jp-2014-11433v_0002){#fx1}

Comparison of MD Results with Previous Structural Studies {#sec3.6}
---------------------------------------------------------

Some of the simulated conformations approximated existing SERCA crystal structures, as quantified by alignment of the cytoplasmic domains of these structures to conformations sampled during the simulation. While the structures of plateau \#1 still mostly closely resembled the starting structure (1SU4), after the transition to plateau \#2 the conformation became more similar to E1-Mg (3W5B)^[@ref58]^ with a difference of ∼5 Å RMSD. For comparison, the RMSD of the trajectory versus E2 states (e.g., 1WPG, 1IWO)^[@ref9],[@ref11]^ was ∼15 Å. The similarity of the simulated structures to 3W5B was maintained at 5 Å through plateau \#3. The structures of plateau \#4 were halfway between 3W5B and E1-ATP structures (e.g., 1T5T, 1VFP, 2ZBD).^[@ref11],[@ref59]^ None of the X-ray crystal structures have captured the dynamic hydrogen bonding of the Nβ5-β6 loop to the A-domain that was observed in the early stages of the AAMD simulation (Figure [4](#fig4){ref-type="fig"}D,E). The range of structures sampled during AAMD simulations is represented in (Figure [5](#fig5){ref-type="fig"}). The decrease in disorder with cytoplasmic headpiece closure was evident from a comparison of these structure families. There was tighter backbone superimposition as SERCA progresses from open (left) to closed (right) conformations. 1SU4 showed the greatest diversity of structures (Figure [5](#fig5){ref-type="fig"}A), consistent with increased disorder for this open conformation. A family of structures representing the transitional substate of plateau \#2 (Figure [3](#fig3){ref-type="fig"}A) is shown in Figure [5](#fig5){ref-type="fig"}B, and represents a partially closed conformation that is intermediate between open 1SU4 (Figure [3](#fig3){ref-type="fig"}A) and closed 1WPG (Figure [3](#fig3){ref-type="fig"}C). This putative transition state (Figure [3](#fig3){ref-type="fig"}B, gray) showed a level of disorder that was intermediate between the open (1SU4, black) and closed (1WPG, red) conformations. The tightly closed conformation of 2ZBD (Figure [5](#fig5){ref-type="fig"}D) yielded an orderly array of similar compact structures. This high degree of structural order may make these conformations easier to crystallize, and most X-ray structures have a compact cytoplasmic headpiece. Only one has been solved for the open conformation^[@ref11]^ and intermediate structures (Figure [5](#fig5){ref-type="fig"}B) have not been observed yet.

![Comparison of MD simulation results with previous structural studies. (A) A representative sample of structures assumed for the open conformation (1SU4), excluding the transition trajectory. (B) Structures sampled during plateau \#2 of the transition trajectory. (C) Structures sampled by 1WPG. (D) Structures sampled by 2ZBD. (E) "Two-color SERCA", a construct that reports SERCA structural dynamics with FRET changes. (F) CGMD revealed that the distance between the N-domain and GFP decreased early in the simulation (at arrow), consistent with docking of the fluorescent protein to the domain to which it was attached. (G) There was a positive correlation between the separation of fluorescent proteins and the distance between domains. Filled triangles represent CGMD simulations started from crystal structures and open squares show results from harmonically constrained simulations. Horizontal lines represent discrete conformational substates previously detected as resolved populations in a FRET efficiency histogram.](jp-2014-11433v_0001){#fig5}

The present observations may also be compared to our previous intramolecular FRET measurements.^[@ref13]^ One caveat for such an analysis is that the two techniques explore time regimes differing by 2--3 orders of magnitude. However, some substates were stable for the entire 400 ns simulation (Figure [3](#fig3){ref-type="fig"}A) and might still be represented on the μs-ms time scale of the fluorescence measurements.^[@ref13]^ To determine how GFP-tagRFP FRET distances would be changed by structural dynamics that alter N-A distance, we performed CGMD simulations of two-color SERCA (Figure [5](#fig5){ref-type="fig"}E). CGMD experiments recapitulated observations from AAMD and FRET experiments, showing increased dynamics of open structures compared to compact conformations. In addition, we analyzed the distances between centers of mass of GFP and the N-domain, tagRFP and the A-domain, the A- and N-domains, and between the fluorescent probes tagRFP and GFP (FRET distance). For all starting crystal structures (1SU4, 1WPG, and 2ZBD), the distance between the fluorescent protein and the domain to which it was attached decreased rapidly (Figure [5](#fig5){ref-type="fig"}F, at arrow) as the fluorescent protein settled onto and stably interacted with the surface of the target domain. The final GFP-tagRFP separation and interdomain distances depended on the starting conformation of the SERCA pump. A comparison of stabilized structures revealed a positive relationship between fluorescent protein separation and domain--domain distance (Figure [5](#fig5){ref-type="fig"}G). Because unconstrained CGMD simulations did not fully sample the entire range of possible distances, we used the open structure (1SU4) as a starting point and generated 11 new intermediate structures. These intermediate conformations were harmonically restrained to represent domain separation distances from 30 to 40 Å (in 1 Å increments). CGMD simulations of these new starting structures populated the gap between open and closed SERCA structures in the plot of fluorescent protein separation vs domain separation (Figure [5](#fig5){ref-type="fig"}G, open squares). Overall, we conclude that the fluorescent protein tags are closely associated with the target domains and FRET is a good index of the overall headpiece conformation. The previously observed FRET substates are represented in Figure [5](#fig5){ref-type="fig"}G as horizontal lines (I orange, 94 Å; II blue, 77 Å; III red, 70 Å; IV green, 65 Å).^[@ref13]^ The relationship of Figure [5](#fig5){ref-type="fig"}G is useful as a guide for comparison of the present simulations with previous FRET experiments. For example, we regard domain separation distances of the structures sampled by 1SU4 as comparable to FRET State I.^[@ref13]^ Specifically, the 1SU4 AAMD simulation (Figure [3](#fig3){ref-type="fig"}A, black) yielded domain--domain distances of 35--60 Å, which corresponds to fluorescent protein separation distances greater than 90 Å according to the relationship in Figure [5](#fig5){ref-type="fig"}G. This prediction is compatible with the broad FRET distribution and low FRET efficiency observed for State I.^[@ref13]^ The fluorescent protein separation distance of that state was too long to measure with the Cer-YFP FRET pair but changing to the GFP-tagRFP pair yielded a State I distribution center value of 5% FRET. This corresponds to a probe separation distance of 94 Å for State I,^[@ref13]^ which compares favorably with the AAMD prediction of distances greater than 90 Å for the open 1SU4 structure. The decreased domain--domain separation of 33 Å observed for 2ZBD (Figure [3](#fig3){ref-type="fig"}A) would be expected to yield fluorescent protein separations of ∼75 Å according to the relationship in Figure [5](#fig5){ref-type="fig"}G. This is in the range of distances calculated for FRET States II and III, which were 78 and 69 Å for the Cer-YFP pair and 77 and 70 Å for the GFP-tagRFP pair.^[@ref13]^ Very compact structures corresponding to State IV were not observed. Figure [5](#fig5){ref-type="fig"}G indicates fluorescent protein separation distances of 62--65 Å^[@ref13]^ should arise from domain separation distances of less than 30 Å, which were not detected in AAMD experiments (Figure [3](#fig3){ref-type="fig"}A). This is not unexpected, as this very high FRET compact state is only observed when SERCA is bound to phosphorylated PLB, and PLB was not present in the simulations.

Summary {#sec3.7}
-------

Overall, the simulations complement the FRET measurements and support hypotheses generated from those previous experiments. Specifically, the simulations confirmed that SERCA structural disorder decreases as the headpiece closes, as shown by analysis of structure fluctuations (Figure [1](#fig1){ref-type="fig"}), domain separation distance (Figure [3](#fig3){ref-type="fig"}A,B), principal component analysis (Figure [2](#fig2){ref-type="fig"}), and correlation analysis of domain angular disorder (Figure [1](#fig1){ref-type="fig"}D). We attribute this disorder-to-order transition to interactions between acidic residues of the N-domain Nβ5-β6 loop and basic residues on the A-domain (Figure [3](#fig3){ref-type="fig"}). Mutation of several key residues (Asp426, Glu429, and Glu435) to Ala prevented these interactions, destabilizing the relative positions of the N- and A-domains. The simulations suggest that these H-bonds are formed early in the open-to-closed transition and help overcome the energy barrier of a poorly diffusible cushion of water to facilitate the closure of the cytoplasmic headpiece during the Ca^2+^ transport cycle. The high degree of conservations of residues implicated in SERCA headpiece closure suggests that this putative mechanism may be a general feature of the transport cycle for a wide range of Ca transporters.

Supporting Movie 1: An MD simulation reveals SERCA conformational fluctuations and an open-to-closed transition. Supporting Movie 2: A morph movie revealing the transitions between conformational substates during the closure of the SERCA cytoplasmic headpiece. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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